Assessment of net energy contribution to buildings by rooftop photovoltaic systems in hot-humid climates by Dehwah, Ammar H.A. & Asif, Muhammad
Assessment of net energy contribution to buildings by rooftop photovoltaic systems in
hot-humid climates









Link to publication in ResearchOnline
Citation for published version (Harvard):
Dehwah, AHA & Asif, M 2019, 'Assessment of net energy contribution to buildings by rooftop photovoltaic
systems in hot-humid climates', Renewable Energy, vol. 131, pp. 1288-1299.
https://doi.org/10.1016/j.renene.2018.08.031
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
Take down policy
If you believe that this document breaches copyright please view our takedown policy at https://edshare.gcu.ac.uk/id/eprint/5179 for details
of how to contact us.
Download date: 12. Jun. 2020
Assessment of Net Energy Contribution to Buildings by Rooftop Photovoltaic Systems in Hot-1 
Humid Climates 2 
Ammar H.A. Dehwah1, 2 and Muhammad Asif1,* 3 
1Architectural Engineering Department, King Fahd University of Petroleum & Minerals, Dhahran 31261, 4 
Saudi Arabia 5 
2Building Systems Engineering Program, Civil, Environmental and Architectural Engineering 6 
Department, Boulder, CO 80309, USA; ammar.dehwah@colorado.edu 7 
*Correspondence: asifm@kfupm.edu.sa; Tel.: +966-13-860-7906 8 
Abstract 9 
The study aims to investigate the overall impact of rooftop photovoltaic (PV) systems on the energy 10 
performance of residential buildings in hot-humid climates. The study area spans over 100 km2 11 
encompassing 33,000 residential units in the city of Al-Khobar in Saudi Arabia. It examines the restrictions 12 
towards the utilizability of building rooftops for PV application. The total building rooftop area and its 13 
corresponding PV output at the urban scale level has been estimated with the help of geographic information 14 
systems and PV simulation tools. The secondary contribution by PV in terms of heat gain reduction has 15 
also been investigated through EnergyPlus simulation engine. It is found that villas and apartment buildings 16 
respectively offer 21% and 28% of their rooftops for PV application. Results suggest that solar PV can 17 
offset 19% of the electricity demand when 25% of the building roof is utilized, in addition to a cooling load 18 
reduction of 2% due to the shading effect of panels. For the total study area, the annual electricity generation 19 
potential for tilted and flat application of PV with the existing roofs conditions turns out to be 797 GWh 20 
and 757 GWh respectively. 21 
Key words: Solar energy; buildings; PV; urban scale; rooftop; Saudi Arabia 22 
 23 
1. INTRODUCTION 24 
Energy sustainability is one of the most critical areas of interest for countries across the world. In recent 25 
decades the Kingdom of Saudi Arabia (KSA) has witnessed a rapid growth in energy demand as a result of 26 
factors like population growth, urbanization and modernization (Mahalik et al., 2017). The country annually 27 
requires around 4GW of capacity addition in the power sector to meet the growing demand estimated at 28 
nearly 9% (Export.gov, 2017). Buildings hold the greatest share in the national power consumption with 29 
the residential sector alone accounting for 52% of the total generation (Khan and Asif, 2017; Mahmoud et 30 
al., 2017). The country has historically relied on fossil fuels to meet all its energy needs. The situation is 31 
resulting into massive energy, environmental and economic stresses for the country (Alkhathlan and Javid, 32 
2015; Ouda et al., 2016). The annual per capita CO2 emissions are reported to be 15 metric tons ranking the 33 
country among the list of top 10 polluting nations (Dong et al., 2018; Olivier et al., 2016). 34 
Responding to the escalating energy and environmental challenges and following the global trends, KSA 35 
has planned to diversify its energy supply base. Plans are in place to induct renewable energy in the supply 36 
mix to reduce reliance on oil and gas (Zell et al., 2015). The country has targeted to have 9,500MW of 37 
renewable energy projects by 2030 (Hutchins, 2017). Solar energy is the most important renewable resource 38 
available to the country (Baras et al., 2012; Mondal et al., 2016). Solar PV is the main renewable technology 39 
being focused on. With over 1,300MW of solar PV projects been planned to be developed by 2018, the 40 
emphasis has been on large and utility scale capacity addition. The worldwide progress of solar PV has 41 
been significantly helped by small scale and building related applications through conducive policies like 42 
net metering and feed-in-tariff (Asif, 2016). KSA does not have an active subsidy or financial incentives in 43 
place to support small scale application of PV. In 2017 the Electricity and Cogeneration Regulatory 44 
Authority (ECRA) in KSA announced a net-metering policy to support solar PV systems up to 2MW of 45 
installed capacity (Bellini 2017) (Parnell 2017). While its details in terms of infrastructure deployment, 46 
quality assurance and standardization and payment mechanism are being worked out, the net-metering 47 
policy is expected to be implemented towards end of 2018. 48 
Assessment of the potential of solar energy through installing rooftop PV systems has been an area of 49 
interest for research scholars across the world (Gautam et al., 2015; Hong et al., 2014; Karteris et al., 2013; 50 
Khan and Arsalan, 2016). The overall contribution by the application of PV at the city level has also been 51 
studied by researchers (Asif, 2016; Khan et al., 2017). Khan et al. (2017) have studied the power generation 52 
potential for PV application on residential buildings in KSA making wide ranging assumptions about roof 53 
utilizability. Asif (2016) investigated the power output potential of PV system in different types of buildings 54 
on a smaller scale again making assumptions about roof utilization. None of these two studies incorporated 55 
detailed modeling for example of a case study building. Dehwah et al. (2018) performed a detailed 56 
investigation for the potential of rooftop PV applications focusing mainly on the area utilization. None of 57 
these studies looked into the energy saving role of PV systems. Another contribution of PV on the energy 58 
performance of buildings is in terms of its influence on cooling/heating load. The effect of building 59 
integrated PV (BIPV) on heat gain through envelope has been considered in several studies (Ban-Weiss et 60 
al., 2013; Peng and Yang, 2016; Radhi, 2010; Sun and Yang, 2010; Wang et al., 2006; Zhang et al., 2017). 61 
The impact of rooftop application of PV in terms of cooling load reduction has also been studied in various 62 
countries i.e. USA (Dominguez et al., 2011), Greece (Kapsalis et al., 2014) and China (Wang et al., 2017). 63 
In KSA, the experience with research and development, and demonstration projects has also been mainly 64 
with MW scale projects such as the 10 MW PV system installed by Saudi Aramco in 2011 and 3.5 MW PV 65 
power plant installed at King Abdullah Petroleum Studies and Research Center (KAPSARC) in Riyadh 66 
(Asif, 2016; Khan et al., 2017). Due attention has not been paid to small scale application of PV, and there 67 
is a lack of scholarship on the subject not only in the KSA but the whole Gulf Cooperation Council (GCC) 68 
region. The influence of PV on the cooling/heating loads of PV is also an area which has not been addressed.  69 
The present work is the first comprehensive study in the GCC region which investigates the application of 70 
solar PV in buildings in terms of net energy contribution. It has also adopted a diverse research approach 71 
involving use of satellite imaging, validation of results through site surveys, regression analysis, and 72 
modeling with type of software tools. This study aims to estimate the overall impact rooftop application of 73 
solar PV can make in hot-humid climates. The key objectives of the study are to: 74 
 Examine applicability of PV on residential building rooftops 75 
 Calculate energy output from PV systems at urban scale 76 
 Estimate the impact of PV on buildings’ heating and cooling loads 77 
The study has been undertaken for residential buildings in the city of Al-Khobar in Saudi Arabia. 78 
Utilizability of building rooftops for PV application has been estimated examining wide ranging 79 
restrictions. The total building rooftop area at the urban scale has been calculated with the help of 80 
geographic information (GIS) tool. The PV output has been estimated with the help of PVSOL® software. 81 
The secondary impact of PV in terms of energy saving as a result of reduction in cooling load due to shading 82 
of roof has been modelled with the help of DesignBuilder software. An economic assessment has been 83 
conducted to evaluate the feasibility of the PV system from a user perspective.  84 
2. RESEARCH APPROACH 85 
The study devised a four-stage research approach to determine the prospects of PV application in residential 86 
buildings in Saudi Arabia. The four main building blocks of the research are: rooftop area assessment, PV 87 
electricity production, reduction in electricity consumption and the total PV contribution at city scale as 88 
depicted in Figure 1. 89 
 90 
Figure 1: Overall Research Approach 91 
The first stage assesses the utilizability of building rooftops in Al-Khobar covering an area of 100 sq km 92 
encompassing 33,000 residential units including villas and apartments. The assessment has been carried out 93 
adopting a meticulous approach based upon advanced computational and modelling techniques coupled 94 
with detailed building surveys to systematically examine the nature of the residential building rooftops and 95 
features affecting the application of solar PV. A total of 70 sample buildings have been visited and audited 96 
to estimate the available roof area for PV installation. 97 
In the second stage, the application potential for PV systems has been studied undertaking survey of 98 
rooftops of 20 of these 70 buildings. Afterwards, taking into account the local weather conditions, detailed 99 
design and optimization of PV systems has been carried out for an apartment and a villa unit as case studies. 100 
Structural details of these case study buildings have also been provided.  101 
In the third stage, the impact of PV systems in terms of energy saving as a result of shading effect on roof 102 
has been studied. In this respect the case study villa unit has been modelled considering various scenarios 103 
of PV application on rooftops.  104 
Finally, the results from the case studies have been extrapolated with the help of regression models to 105 
determine the PV potential at the city level.  106 
3. UTILIZABILITY OF BUILDING ROOFTOPS FOR PV APPLICATION 107 
Over the last couple of decades application of solar PV has found a great deal of success in the building 108 
sector across the world (Asif, 2016; Khan et al., 2017). Wide ranging regulations and policies have been 109 
developed to propel the use of PV in buildings. PV can be used in buildings on roof as well as on façade in 110 
various forms such as roof mounting, roof integration, façade integration and thin film coating on 111 
glass/windows. Majority of the PV applications in buildings are however on rooftops. Utilizability of 112 
building rooftops for PV application may vary significantly from place to place due to wide ranging 113 
architectural, structural and cultural features (Khan and Arsalan, 2016; Ko et al., 2015; Kurdgelashvili et 114 
al., 2016; Miranda et al., 2015; Wong et al., 2016). It is therefore important to duly investigate the building 115 
rooftop conditions to accurately estimate the potential for PV application at any particular place.  116 
Investigation of building rooftops for PV use has been an area yet to be explored not only in KSA but also 117 
in the whole GCC region. This study employed the manual selection method to investigate the area available 118 
for PV application and then utilized GIS software and high resolution satellite images to extrapolate the 119 
analysis at the city scale covering an area of 100 sq km and 33,000 residential units. Furthermore, site visits 120 
were conducted to develop better understanding and gather data for 70 sample buildings in terms of their 121 
roof conditions and surroundings. Samples were selected from different residential neighborhoods in the 122 
city to account for the variation in building characteristics. Field measurements were also used to validate 123 
the area measurements taken from the satellite images. For the selected sample buildings, rooftops were 124 
visited to have a closer look at the roof features and to take relevant measurements for validation. Roof 125 
geometry conditions were obtained to validate the measurements taken from the high resolution satellite 126 
images. All rooftop components were surveyed in terms of quantities, dimensions and positioning on roof. 127 
It was noticed that majority of rooftops are flat and have a rectangular shape. The main restrictions (hurdles) 128 
for installing PV were identified and classified into five main categories - structural restrictions, services 129 
restrictions, accessibility, maintenance and inter-row spacing restrictions, shading restrictions and other 130 
restrictions - as summarized in Table 1.  131 
A utilization factor (UF), defined as the ratio of the available area for PV utilization to the total roof area, 132 
was calculated and used as an indicator for PV space availability. The main structural hurdles were observed 133 
to be: annexes, parapet walls, staircase rooms and roof geometry. Service hurdles were found to be: dish 134 
antennas, water tanks, air conditioning (AC) package units and condensers, and water boilers. Maintenance 135 
and accessibility hurdles involved areas nearby doors and ladders, areas for service maintenance and inter-136 
row spacing between PV panels. Rooftops were found to be used by occupants for various purposes such 137 
as open air sitting space and washing and drying space. These five categories of hurdles have a major impact 138 
on PV installation in terms of space utilization. However, structural and service components pose another 139 
significant impact in the form of electricity output reduction due to shading from the aforementioned 140 
elements’ heights. It was noticed that dish antennas and water tanks exist on almost every roof with the 141 
former far outweighing other types of hurdles in terms of numbers. 142 
Table 1: Classification of Main Restrictions 143 
Classification Components 
Structural restrictions 
 Parapet walls 
 Annexes 
 Atrium shafts 
 Staircase, columns 
 Rebars 
 Roof geometry 
Service restrictions 
 Water tanks 
 AC package units 
 Dish antennas 
 Atrium shaft area 
 AC condensers 
 Water boilers 
Accessibility restrictions 
 Nearby access 
 1m adjacent to walls 
 Inter-row spacing 
Shading restrictions 
Impact of height from: 
 Parapet walls 
 Annexes 
 Atrium shafts walls 
 Staircase 





In order to calculate the UF for each building, the five categories of hurdles were quantified and represented 145 
by coefficients: structural coefficient (Cstr), service coefficient (Cser), maintenance and accessibility 146 
coefficient (Cacc), shading coefficient (Csh) and finally a coefficient for other types of rooftop usage 147 
(Coth). The average values of the five rooftop restriction coefficients represented by Cstr, Cser, Cacc, Csh 148 
and Coth were calculated for apartment buildings as 0.85, 0.57, 0.67, 0.90 and 0.75 and for villas as 0.91, 149 
0.59, 0.47, 0.91 and 0.93 respectively. The UF for each sample building was calculated by multiplying the 150 
aforementioned coefficients. It was found that the net UF ranged from 0 to 0.40 for apartment buildings 151 
with an average value of 0.21. The net UF for villas was found to range from 0.15 to 0.44 with an average 152 
value of 0.28. Figure 2 shows the frequency distribution of the UFs for the 70 building samples. Linear 153 
regression models were developed to find a correlation between PV utilizable area (UA) and roof area (RA) 154 
of the investigated buildings. The models are then used to extrapolate the results to the city level with the 155 
help of GIS software. The total available PV area (PVA) at city scale for apartment buildings and villas 156 









4. PV SYSTEM DESIGN  166 
4.1.  Weather Data 167 
The city of Al-Khobar is in close proximity of the city of Al-Dhahran that has the regional meteorological 168 
station. Since the two cities have identical climate condition, the weather data of Al-Dhahran has been used 169 
in the study. The two cities have desert climate with hot-humid summers and mildly cool winters. Figure 3 170 
(a) depicts the average temperature conditions collected over a 38-year period. The hottest month is July 171 
with an average high temperature of 43°C, though it can reach as much as 49°C. The coldest month is 172 
January with an average low temperature of 11°C. Summers in Al-Dhahran are considered very humid, as 173 
the average daily high relative humidity (RH) ranges between 61% and 90%, while the average daily low 174 
Figure 2: Frequency Distribution of UFs for the 70 Investigated Samples 
RH ranges between 15% and 46% throughout the year as can be seen from Figure 3 (b). The region has 175 
clear sky throughout the year with occasional dust storms that affect the PV output (Baras et al., 2017). PV 176 
with 24° of tilt angle receives a daily irradiation of 6540 Wh/m2/day with the monthly solar irradiation data 177 
provided in Table 2 (Joint Research Centre (JRC), 2012). 178 
 179 
Table 2: Monthly Global and Direct Normal Irradiation Data for Al-Dhahran, Saudi Arabia (JRC) 
 
Month Hh Hopt DNI Iopt 
Jan 3880 5080 4330 51 
Feb 4800 5820 4770 43 
Mar 6060 6720 5520 30 
Apr 6600 6680 5520 14 
May 7790 7340 6720 1 
Jun 8320 7530 7690 -6 
Jul 7860 7270 6770 -3 
Aug 7450 7320 6610 9 
Sep 6910 7450 6880 25 
Oct 5750 6870 6330 40 
Nov 4160 5310 4390 49 
Dec 3720 5020 4390 54 




Hh: Irradiation on horizontal plane (Wh/m2/day) 
 
Hopt: Irradiation on optimally inclined plane (Wh/m2/day)  
DNI: Direct normal irradiation (Wh/m2/day)  








Figure 3: Average High and Low Weather Conditions in Al-Dhahran; a) Temperature and 

































































































































4.2. Structural Details of the Case Study Buildings 180 
Two of the sample buildings, an apartment and a villa, are examined in detail as a case study. The selected 181 
apartment building consists of three stories with 4 flats per floor in addition to 2 flats on the roof (annexes). 182 
The roof is rectangular in shape with a gross area of 254 m2, 1.7m high parapet wall and a PV utilization 183 
factor of 0.13. The studied villa is a single-family residence constructed in 2005. It consists of two floors 184 
with a total area of 504 m2. The roof is rectangular in shape with a gross area of 240 m2, a 3 m high parapet 185 
wall and a PV utilization factor of 0.15. The two buildings in terms of size, function and construction 186 
respectively represent typical apartments and villas in the neighborhood. However, in terms of roof features 187 
there is a great degree of variation from building to building and hence it is difficult to find a typical roof 188 
in terms of PV utilization. Table 3 summarizes the characteristics of the two buildings. Their rooftops are 189 
significantly occupied, posing various types of restriction for PV applications as shown in Figure 4. 190 
Table 3: Key Characteristics of the Two Sample Building 191 
 Apartment building Villa 
Floors  3 + Annex 2 
Number of flats 14 - 
Roof Area (m2) 254 240 
Parapet wall height (m) 1.7 1.7 and 3.0 
Utilization Factor, UF 0.13 0.15 
Annual Consumption (kWh) 188,740 63,757 







 a  b 
Figure 4: Roofotp Utilization of a Typical (a) Apartment Building and (b) Villa 
The villa sample has been used to examine the impact of PV on building energy consumption. To evaluate 199 
the energy savings due to the shading effect of PV, building’s construction and system details were needed. 200 
Building drawings including structural, architectural and lighting details were collected from the owner. 201 
Other information needed for the simulation such as energy systems types and operational schedule of 202 
appliances, lighting and AC systems were obtained through inspecting the building and interviewing the 203 
building owner. Table 4 summarizes the relevant characteristics and specifications of the studied villa. 204 
Table 4: Base Case Module Characteristics 205 
Building Characteristic  Description  
Location Al-Khobar 
Orientation Main elevation facing East 
Floor to Floor Height 3.5 m 
Floor Area Total: 504 m2; Ground Floor: 264 m2; First Floor: 240 m2 
Window to Wall Ratio (WWR) 8% 
  
Exterior Walls 
13mm Plaster / 100mm Concrete Block (Medium) / 30mm 
Extruded Polystyrene / 100mm Concrete Block (Medium) / 
13mm Plaster  
U-Value: 0.58 W/m2k 
  
Roof 
30mm Terrazzo Tiles / 30mm Extruded Polystyrene / 200mm 
Reinforced Concrete / 13mm Plaster 
U-Value: 0.97 W/m2k 
Windows Single glazed with aluminum frame 
Lighting  Ground Floor: 20 W/m2; First Floor: 12 W/m2  
AC Split Units and One Central AC 
 206 
5. TOTAL ENERGY CONTRIBUTION FROM PV SYSTEMS 207 
The overall energy contribution from the application of PV in buildings consists of the power output plus 208 
the energy saving achieved as a result of cooling load reduction due to the shading effect of panels. Both 209 
the energy production and energy saving components have been determined with the help of PVSOL® and 210 
DesignBuilder software tools respectively. The approach adopted to determine the overall energy 211 


















5.1. PV System Modelling  230 
The PV system design and simulation exercise was carried out with the help of PVSOL® premium 2017 231 
software for the 20 sample buildings. The PVSOL® software gives user the possibility to work on 2D or 232 
3D models when designing PV system. When selecting 2D option, the software requires user input for array 233 
and inverter details such as the number of modules, mounting conditions, tilt and orientation as well as 234 
shading. On the other hand, 3D design option allows creating a 3D model of building geometry including 235 
rooftop components as well as creating PV module formation.  236 
A satellite image of the investigated villa was extracted and then imported to PVSOL®. The image needed 237 
to be calibrated to reduce errors from measurements. Geometry of the building roof was traced as a polygon 238 
on the imported image to guarantee the exact orientation and then the polygon was extruded considering 239 
the height of the building. An annex was also added as a building component to allow the software to treat 240 
its roof as a normal roof and hence allowing components to be added. All existing rooftop components were 241 
Figure 5:  Total Energy Contribution From PV Systems 
modeled including parapet walls, dish antennas, AC condensers and water tanks. Noting that water tank 242 
does not exist in the predefined objects library, it was represented as a rectangular 3D object.  243 
The next step involved selection of PV array system including PV module type, orientation and tilt angle. 244 
The software then optimizes the inter-row distance or mounting support clearance as described in PVSOL®. 245 
PV module type was selected based on performance as well as area considerations. From the wide range of 246 
PV modules available in market, the selected PV one was found to be suitable for residential applications. 247 
The PV modules are of monocrystalline silicon type with 15.2% efficiency (BP Solar, n.d.), 190 W output 248 
and a module area of 1.25 m2. This type was found suitable for residential application especially with the 249 
small area available for installation. Technical specifications of the selected PV module are provided in 250 
Table 5. 251 
Table 5: PV Modules’ Technical Details 252 
Parameter Description 
Model  BP 4190T 
Cell type Monocrystalline 
Output power at STC 190 W 
Output power at NOCT 137 W 
Efficiency 15.2% 
Module area 1.25 m2 
 253 
Two scenarios were examined in terms of PV installation; for south orientation inclination has been 254 
considered at optimal tilt angle of 24° as well as horizontal with 0° tilt angle. Figure 6 provides a detailed 255 
description of key parameters with regards to PV array dimensions. The inter-row spacing was optimized 256 
based on shading analysis on winter solstice, 21st of December where the sun elevation angle is minimum 257 
and equal to 40.3°. The inter-row spacing or mount support clearance (d1), which is the distance from the 258 
front edge of a module in one row to the front edge of a module in the next row, was optimized to be 0.40 259 
m. The values for mount height (h), depth of row (d-d1) and row spacing (d) were 0.32 m, 0.72 m and 1.10 260 













Figure 7 shows the developed 3D model with rooftop components and the installed PV array. It can be 274 
noticed that PV panels are installed only on the right side of the roof which is the only available area. The 275 
area at the upper-left corner is being used as a courtyard. The remaining areas are occupied by service 276 
components i.e. dish antennas and water tanks. An edge distance of 1 m from all directions is excluded for 277 




Module mount width (b) 0.79 m 
Mount height (h) 0.32 m 
Module inclination (ẞ) 24° 
Module orientation 180° 
Solar elevation angle 40.29° 
Solar elevation angle time 21/12 -
12:00 
Depth of row (d-d1) 0.72 m 
Mounting support clearance 
(d1) 
0.40 m 
Row spacing (d) 1.10 m 
Figure 6: Design Parameters for the PV system 
Figure 7: 3D Model with Shading Analysis for Apartment Building Using PVSOL® 
After modeling the PV array, shading frequency analysis was performed to determine the amount of annual 281 
direct irradiance reduction. The percentages shown in Figure 7 represent the annual average irradiance 282 
reduction at each panel due to shading. Modules with 20% or higher irradiance reduction, due to shading, 283 
were excluded as they could significantly reduce the output of the string, and also due to the economic 284 
considerations.  285 
PV panels are configured by assigning inverters to the array system. PVSOL® offers the option of 286 
optimizing PV module configuration by selecting the arrangement that maximizes output. Shading has a 287 
major influence on the array characteristic and decisively affects the optimum configuration of the modules 288 
in strings. The optimized configuration divides modules into strings each with a color indicator. A system 289 
check can be done after the configuration which indicates any existing errors. 290 
Given the objective to estimate the energy potential at city scale, it is required to extrapolate the results 291 
obtained from the unit scale energy production. PV sub-areas were introduced for each building based on 292 
the array condition. The 20 sample buildings included a total of 42 PV sub-areas. Figure 8 shows a sample 293 
building with 4 PV sub-areas. Each PV sub-area represents a unique case in terms of geometry area and the 294 
amount of shading received. The simulation was conducted for all of the 20 sample buildings and then it 295 
was normalized to provide an indicator in terms of kWh/m2/yr. 296 
 297 
Figure 8: Sample Villa with 4 PV Sub-Areas 298 
 299 
 300 
5.2. Energy Savings  301 
The impact of PV on building energy performance was investigated with the help of a BES tool. 302 
DesignBuilder software that employs EnergyPlus simulation engine was used in this study to determine the 303 
energy saving associated with PV system. Various scenarios were considered to cover a potential range of 304 
roof utilization factors. With existing roof arrangements, the modelled villa has a low-end UF of 0.15. It 305 
has also been modeled assuming average and high-end UFs of respective values 0.25 and 0.4.  To undertake 306 
the overall energy output assessment, a base case building model needed to be developed in DesignBuilder.  307 
The workflow of DesignBuilder software starts with selecting a weather file for the desired location. The 308 
software then allows the creation of building geometry, defining building type, activities and building 309 
characteristics. Despite the number of rooms in the villa, each floor was considered as one single zone for 310 
simplicity. All the details and specifications were fed into DesignBuilder to complete the model. Figure 9 311 
shows a 3D view of the villa model developed in DesignBuilder. Before running the simulation it was 312 
necessary to input operational schedule for equipment, lighting and AC systems. The simulation was 313 









After the completion of the base case, PV modules were modelled on rooftop to determine the power output.  323 
DesignBuilder allows for the creation of PV panels and their integration within the building model. As the 324 
software is not designed initially to integrate PV technology, it can simulate a limited number of modules. 325 
Hence, each PV string was modeled representing a single PV unit having a multiplication of one module 326 
area. This allows the software to handle a large number of modules and simplifies the process. A grid 327 
connected system was considered with a base load operation scheme and direct current with inverter as the 328 
Figure 9: 3D View of the Villa Model 
electrical buss type. The first scenario took into consideration the actual condition of the villa in terms of 329 
availability of space for PV applications. PV modules where integrated on the rooftop considering UF of 330 
0.15. The second and third scenarios considered utilization factors of 0.25 and 0.40 respectively. The 331 
simulation was performed for the three cases to determine their respective contribution. Figure 10 shows a 332 








On top of producing electricity, rooftop PV systems also influence the energy performance of buildings 341 
through the shadow they cast on the roof structure. PV panels in this case act as an additional layer barring 342 
penetration of direct solar radiation onto roof surface. This indirect contribution of solar PV to buildings’ 343 
energy performance has only been scarcely addressed in literature especially in the hot-humid Middle 344 
Eastern environment. Dominguez et al. (2011) investigated the impact of tilted and flat PV panels on roof 345 
heat transfer under California climate using the crank–Nicholson method. The study concluded that 346 
considerable benefits in terms of cooling load reduction can be obtained from PV application. Wang et al. 347 
(2006) compared three options of BIPV as part of the roof structure in terms of their impact on heating and 348 
cooling loads using one-dimensional transient model. The study, conducted under China’s climate, 349 
concluded that rooftop BIPV with ventilated air gap is the optimum option for summer period. It also 350 
indicates that cooling load reduction can vary depending on several factors including local climate, existing 351 
insulation level and material absorptivity. The present study tries to investigate the additional impact of PV 352 
panels on the heat gain through the roof and eventually quantifying the cooling load reduction using 353 
EnergyPlus simulation environment. 354 
Figure 10: 3D View of the Three Scenarios with UF: (a) 0.15, (b) 0.25 and (c) 0.40 
 a  b  c 
6. ECONOMIC ASSESSMENT 355 
The economic viability of PV systems is an important factor for home owners to decide about the adoption 356 
of technology. The economics of PV systems may vary from case to case due to factors like local weather 357 
conditions, building conditions in terms of energy use and roof utilization. The levelized cost of electricity 358 
(LCOE) is one of the most commonly used indicator to determine the economic viability of electricity 359 
generation technologies (Al Garni et al., 2018; Lai and Mcculloch, 2017; Sadati et al., 2018). LCOE can be 360 
calculated using equation (1): 361 
𝐿𝐶𝑂𝐸 =  
𝐶𝐴 + 𝐶(𝑂&𝑀)𝐴
𝐸𝐴
          (Eq.1) 
Where CA is the initial cost (annual), C(O&M)A is annual operating and maintenance (O&M) cost and EA is  362 
annual electricity production. In the present study, the initial cost that takes into consideration the overall 363 
PV system is determined based upon the feedback gathered from local market to be $1330/kW. The overall 364 
operation and maintenance (O&M) cost is considered to be 1% of the initial cost (Adaramola and Paul, 365 
2017). The O&M cost also includes replacements cost; mainly inverters are replaced every 10 years with 366 
9% of the initial cost (Zweibel, 2010). The life expectancy for PV panels and inverters is 25-30 years and 367 
10 years respectively. Interest rate is considered to be 2% based on the average of the previous 10 years 368 
(Trading Economics, 2018). The villa sample with UF of 0.15 has been selected as a representative building 369 
for the LCOE analysis. The LCOE analysis considers the slab based electricity tariff structure in KSA. The 370 
slab based tariff structure includes Saudi Arabian Riyal (SAR) 0.18/kWh (equivalent to $0.048/kWh) for 371 
monthly consumption of up to 6000 kWh and SAR 0.30/kWh ($0.08/kWh) for over 6000 kWh of 372 
consumption.   373 
7. RESULTS AND DISCUSSION 374 
This section discusses the results of the energy production and savings from the installed rooftop PV system 375 
at unit scale. It also discusses the results extrapolated at city level and economics of PV system 376 
7.1.  Energy Production at Unit Scale 377 
Electricity production from PV systems for the 20 sample buildings was simulated using PVSOL® software 378 
considering 24° and 0° tilt angles. Table 6 shows the simulation results for the two sample buildings: an 379 
apartment and a villa. The annual electricity generation from the 5.1 kWp tilted PV system installed on the 380 
apartment building was found to be 6,079 kWh considering an annual irradiance reduction of 20.1% due to 381 
shading. For flat application, the installable PV capacity increased to 6.8 kWp, generating 7,380 kWh/yr 382 
with an annual irradiance reduction of 21.4% due to shading. A flat PV array does not require spacing 383 
between module rows as is the case with tilted systems, resulting into greater installed capacity. The specific 384 
annual yield was found to be 1,185 kWh/kWp and 1,079 kWh/kWp for titled and flat installation 385 
respectively. Both scenarios showed a performance ratio of about 60%. Based on the area covered by 386 
modules (34 m2 and 45 m2), the PV output generation per unit area turns out to be 179.8 kWh/m2/yr and 387 
163.6 kWh/m2/yr for tilted and flat systems respectively. The PV system installed on the villa’s rooftop 388 
shows similar characteristics as summarized in Table 6. 389 
Table 6: Results of PV Application in the Case Study Apartment and Villa Buildings 390 
 Apartment Villa 
Tilted 24° Flat Tilted 24° Flat 
PV capacity (kWp) 5.1 6.8 5.3 8.4 
PV modules Area (m2)  34 45 35 55 
Global radiation (kWh/m²) 1,983 1,843 1,989 1,838 
Electricity generation (kWh/year) 6,079 7,380 6,162 9,191 
Specific annual yield (kWh/kWp) 1,185 1,079 1,158 1,099 
Performance ratio (PR) (%) 60 59 58 60 
Yield reduction due to shading (%/year) 20.1 21.4 18.2 18.8 
 391 
Table 6 shows sample results for selected villa and apartment building while Table 7 shows the results of 392 
all 20 sample buildings encompassing 42 PV-sub areas. The minimum, average and maximum values of 393 
several energy parameters for all 42 PV sub-areas (as described in section 5.1) are summarized in Table 7. 394 
The results indicate that the simulated PV systems have an average specific annual yield of 1,391 kWh/kWp 395 
and exhibit a performance ratio of 70%. Shading impact turns out to be high with an annual average yield 396 
reduction of 13.4%. For the 42 PV sub-areas, the average electricity output per unit area is computed to be 397 
210 kWh/m2/yr and 204 kWh/m2/yr for tilted and horizontal panels respectively as shown in Table 7. A 398 
breakdown of the average electricity production in terms of apartment and villas reveals respective values 399 
of 207 kWh/m2/yr and 213 kWh/m2/yr when considering tilted PV scenario, while it is found to be 203 400 
kWh/m2/yr and 207 kWh/m2/yr for flat PV application in the same order. 401 
Table 7: Energy Parameters for 42 PV Sub-Areas of the 20 Sample Buildings 402 
Parameter Minimum Average Maximum 
Capacity (kWp) 1.0 4.0 13.7 
Specific annual yield (kWh/kWp) 1,008 1,391 1,589 
Performance ratio 56 70 77 
Yield reduction due to shading (%) 3.1 13.4 31.8 
PV energy/module area (kWh/m2/yr) – Tilted 24° 152 210 238 
PV energy/module area (kWh/m2/yr) - Horizontal 158 204 230 
Total generated energy (kWh/yr) – Tilted 24° 258,557 
Total generated energy (kWh/yr) - Horizontal 347,024 
 403 
7.2.  Net Energy Contribution from PV Application 404 
The base case energy simulation of the villa (with 504 m2 of conditioned area) showed a total energy load 405 
of 63,756 kWh/yr composed of: 63% cooling, 24% lighting and 13% appliances. The results of the three 406 
scenarios mentioned in section 5.1 are discussed here. The electricity generation from tilted application of 407 
PV within the utilizable area (UA) can offset 10% of the building’s annual energy requirement. It is 408 
important to note that the Saudi residential units have a much higher energy consumption by international 409 
standards (Alrashed and Asif, 2014). Increasing the utilizable area from 0.15 to 0.25 improves the PV 410 
electricity contribution from 10% to 19%. Further increasing the utilizable area to 40% results into 411 
electricity contribution of 29%. In case of horizontal application of PV panels, utilizable area can be 412 
increased to 44%, delivering an electricity contribution of 36%. Transferring these results in terms of energy 413 
per unit of the conditioned area gives respective values of around 13 kWh/m2/yr, 24 kWh/m2/yr, 37 414 
kWh/m2/yr and 45 kWh/m2/yr for the four scenarios as indicated in Table 8. A comparison between building 415 
energy breakdown and PV generation is illustrated graphically in Figure 11. 416 
The shading effect as a result of PV panels can reduce the cooling load by 1.0%, 1.8, 2.8% and 3.2% for 417 
UA of 0.15, 0.25, 0.40 and 0.44 respectively as also indicated in Table 8. It is noteworthy that PV panels 418 
can also result into increased heating load in winter. In the climatic conditions considered in this study 419 
however the increase in heating load is almost negligible compared to the reduction in cooling load and 420 
hence the former is neglected.  421 
Table 8: Energy Contribution to a Typical Villa by Rooftop PV 422 
 Tilted 24° Horizontal 
UF = 0.15 UF = 0.25 UF=0.40 UF=0.44 
PV energy production (kWh/yr) 6,551 12,008 18,550 22,703 
PV energy production per unit of 
conditioned area (kWh/m2/yr) 
13 24 37 45 
Share of PV generation in the total 
building consumption (%) 
10 19 29 36 
Cooling load saving (%) 1.0 1.8 2.8 3.2 
 423 
 424 
7.3. Energy Potential at City Level 425 
The energy generation at the city scale has been computed by multiplying the average electricity 426 
production per unit area of PV panels (kWh/m2/yr) with the total PVA (quantified in section 3). The 427 
average electricity production, from tilted PV, for apartments and villas is found to be 207 kWh/m2/yr 428 
and 213 kWh/m2/yr respectively, the difference being because of the variation in the architectural 429 
features of the roofs. The results indicate that the total annual energy production for the optimal tilt 430 
angle equals to 302.0 GWh and 494.6 GWh for apartments and villas respectively. The total annual 431 
energy production for flat installation gives figures of 296.2 GWh and 460.9 GWh for apartments and 432 
villas respectively. Table 9 summarizes the findings of the total electricity produced by PV panels 433 
considering the existing roof conditions. The total annual electricity produced from tilted PV panels is 434 
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7.4. Economic Assessment  438 
The LCOE of the PV system for the studied villa building is found to be SAR0.29/kWh ($0.078/kWh). 439 
Two more scenarios have been worked out considering increased tariff and financial incentive by the 440 
government. It is found that with a 65% jump in electricity tariff PV system will become an economically 441 
viable solution. In terms of financial support, the analysis depicted that with 35% of the initial cost covered 442 
by the government as an incentive, PV would be a viable solution. A sensitivity analysis has also been 443 
conducted to further study the impact of three parameters: PV capital cost, interest rate and electricity rates. 444 
Net present value (NPV), used here as an economic indicator, can be evaluated by considering the present 445 
value of all outgoing (expenditures) and incoming (benefits) cash flows for the study period. The error 446 
range considered for the sensitivity analysis in this study is ±50%. It can be concluded from Figure 12 that 447 
electricity rate is the most critical factor in the economic feasibility of PV systems, followed by interest rate 448 
and PV capital cost. 449 
Type 
Total PVA Area  
(m2) 
Total Energy Produced – 
Titled 24° 
(GWh/yr) 
Total Energy Produced - 
Flat  
(GWh/yr) 
Apartment 1,460,340 302.0 296.2 
Villa 2,323,072 494.6 460.9 
Total 3,783,412 796.6 757.1 
Table 9: Comparison between Building Energy Breakdown and PV Generation 
 450 
Figure 12: Sensitivity Analysis for Rooftop PV Corresponding to the Investigated Villa 451 
8. CONCLUSIONS 452 
This work investigates the overall energy contribution made by rooftop PV systems to residential buildings 453 
in hot-humid climatic conditions. The impact on the energy performance of buildings has been determined 454 
by examining both the power output from PV panels and the energy saving as result of cooling load 455 
reduction due to the shading effect of panels. The study area spans over 100 km2 in the city of Al-Khobar 456 
in Saudi Arabia covering 33,000 residential units. Restrictions posed by building rooftops towards 457 
application of PV have been studied and categorized into five types: structural (annexes, parapet walls, roof 458 
geometry), services (dish antennas, water tanks, AC units), accessibility (maintenance, inter-row spacing), 459 
shading and others (courtyard, clotheslines). An analysis based upon high resolution satellite images, GIS 460 
models and building audits reveals that on average 21% and 28% of apartment and villas rooftops can be 461 
utilized for PV applications respectively. Results of detailed modeling undertaken with the help of PVSOL® 462 
reveal that PV systems have an average specific annual yield of 1,391 kWh/kWp and exhibit a performance 463 
ratio of 70%. Findings of the building energy modeling suggest that the shading effect of PV panels on 464 
roofs can result into average annual irradiance reduction of 13%. With its current roof utilization of 15% 465 
the case study villa building can have 10% of its annual energy requirements met by the power output from 466 
the rooftop PV system. Increasing the roof utilizable area to 40%, 29% of the villa’s annual energy 467 
requirements can be met by the PV output, and cooling load can be reduced by 3%. The total annual PV 468 
output for the studied urban scale area with existing roof conditions has been found to be 796.6 GWh and 469 
















system is not a viable option under the current tariff structure as it has LCOE equivalent to SAR0.29/kWh 471 
($0.078/kWh). Sensitivity analysis reveals that electricity tariff has the most significant impact on the 472 
economic feasibility of the PV system followed by interest rate and its capital cost. 473 
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